Regarding rapid metro vehicle, the possible aerodynamic effects of vehicle are described and the analysis of vehicle design parameters related to the aerodynamic effect and their change rule are briefly introduced. This paper, from one side, provides a basis for the design of rapid metro vehicle.
car body, and also because of the air compressibility, the air pressure increases suddenly. Thus, it forms compression wave which spreads around and causes pressure changes inside the tunnel and on the surface of car body, and then the pressure wave will spread inside the vehicle. The spreading of this pressure wave can lead to the following problems: air pressure difference between front end and rear end of vehicle, and air resistance due to friction between air and the vehicle surface; a sudden pressure inside the compartment caused by tunnel pressure wave which induces uncomfortable feelings of passengers; noise production, which causes eardrum tenderness and so on.
Air resistance
There are two types of resistance during vehicle operation, air resistance and driving resistance. When the vehicle runs with a low speed, the driving resistance is the main resistance, and impact of the air resistance is not big. But with increase of speed, the air resistance also will increase rapidly. According to foreign studies, when the speed is 160km/h, the air resistance accounts for 60% of the total running resistance. When running inside the tunnel, the air resistance of vehicle is several times larger than the air resistance when the vehicle runs on the open line. Main influence factors of air resistance inside the tunnel include vehicle speed, blockage ratio, vehicle length, etc.
Pressure wave
When vehicle passes through tunnel, due to restriction of tunnel wall, phenomenon of aerodynamic is much stronger than that on the open line. When the vehicle runs in the tunnel, it is like a piston moves fast inside the cylinder, which make air around the vehicle in a transient state. The air pushed by the vehicle head is forced to move in the tunnel at a high speed. A lot of air is pushed forward, and a small amount of air flows backward through the gap between the vehicle and the tunnel wall, which forms the air pressure wave [3] - [5] . Characteristics of tunnel pressure wave are closely related to both tunnel and vehicle. It can be said that the blockage ratio and train speed are the two most important influencing factors of tunnel pressure wave.
Aerodynamic noise
During running, surface of the metro vehicle will have air flow interruption, which will cause vortex, and further lead to aerodynamic noise. This kind of noise is related to the vehicle speed, roughness of the car body surface, streamline of the vehicle head and other factors. Aerodynamic noise can cause not only environmental noise pollution, but also fatigue and damage of the structure. Due to influence of small and continuous enclosed space of tunnel section, transmission and attenuation mechanism of noise is very different from that of railway.
ANALYSIS ON AERODYNAMIC PARAMETERS FOR RAPID METRO VEHICLE DESIGN
Analysis on section area of car body RELATIONSHIP BETWEEN SECTION AREA OF CAR BODY AND AIR RESISTANCE Studies show that aerodynamic resistance of the vehicle is approximately linear with the section area of car body, which is shown in Figure 1 . Excessive section area will make the aerodynamic resistance increase further. Thus, during the process of cross-section design, under the premise of ensuring the occupancy space and equipment installation requirements, section area should be controlled as far as possible to reduce the aerodynamic resistance. Figure 2 , the higher the running speed of vehicle, the more obvious the influence of section area on amplitude of pressure wave. In the process of car body section profile design, arc optimization for roof and side roof and drum-shaped side wall is conducive to reducing the pressure wave as well as enhancing aerodynamic performance of beam wind. 
RELATIONSHIP BETWEEN SECTION AREA AND AERODYNAMIC NOISE
With increase of the section area, area of aerodynamic noise source on the car body surface also increases, which leads to increase of the aerodynamic noise, which is shown in Figure 3 . But for the specific relationship between aerodynamic noise and section area, it needs further study. In the process of car body section design, it is necessary to make streamline degree of section profile as high as possible, which can make the air flow more smooth and is conducive to reducing the aerodynamic noise. 
Analysis on vehicle speed

RELATIONSHIP BETWEEN SPEED AND AIR RESISTANCE
Studies show that air resistance fitting curve is in the shape of a quadratic parabola, that is, air resistance is proportional to the square of speed, as shown in Figure 4 . When the vehicle running speed achieves to 140km/h, air resistance will be 3 times more than the air resistance under the speed of 80km/h. Therefore, necessary measures need to be taken to reduce air resistance during the vehicle design. 
RELATIONSHIP BETWEEN VEHICLE SPEED AND AMPLITUDE OF EXTERNAL PRESSURE WAVE
Studies show that under the same blockage ratio, amplitude of pressure wave on the car body surface is approximately linear to the square of speed. The specific relationship is shown in Figure 5 . When the running speed reaches to 140km/h, amplitude of external pressure wave can reach to 4400Pa. Amplitude of external pressure wave is also affected by blockage ratio. As the blockage ratio increases, amplitude of the external pressure wave also increases. The specific relationship is shown in Figure 6 . When the blockage ratio reaches to 0.45, amplitude of external pressure wave for a metro train with the speed of 100km/h is up to 2200Pa. Velocity External Pressure Figure 6 . Amplitude of external pressure wave at different blockage ratios.
RELATIONSHIP BETWEEN SPEED AND AMPLITUDE OF INTERNAL PRESSURE WAVE
Transmission of the transient pressure generated in the tunnel to the vehicle depends mainly on two factors: air-tightness of vehicle and stiffness of car body. When vehicle is not sealed, pressures inside and outside are the same. When vehicle is "completely sealed" and car body stiffness is relatively large, air pressure transient outside the vehicle almost has no impact on the internal. Up to now, air-tightness index τ is commonly used in domestic and overseas to characterize the vehicle sealing performance. Referring to the foreign research findings, τ is 0.4 ~ 0.8s for not-sealed vehicle; τ is 1.5s~3s for slightly-sealed vehicle; τ is no less than 5s for good-sealed vehicle; and τ is no less than 7s for sealed air-conditioned vehicle.
Some scholars have carried out analyses on aerodynamic pressure wave for the vehicle passes through tunnels with different blockage ratio at different speeds [6] - [9] . Combined with the recommended internal pressure limit [10] , amplitude and rate of pressure change inside the vehicle at different speeds as well as internal pressure comfort can be obtained, which are shown in Table II . From analysis of Table I , it can be seen that when vehicle is running in different tunnel sections, the better the air-tightness of vehicle, the more comfortable the internal pressure environment. But considering manufacturing cost and manufacturing process, air-tightness is not always better when it becomes higher. Table II shows the recommended air-tightness index for different running speeds and different blocking ratios. 
RELATIONSHIP BETWEEN SPEED AND AERODYNAMIC NOISE
Studies show that with increase of speed, interaction between vehicle and air is becoming more and more significant, and the speed increase has a significant influence on the aerodynamic characteristics. Figure 7 shows the relationship between speed and aerodynamic noise, which is, the aerodynamic noise is proportional to the speed by its sixth power. For different speeds, main noise source outside the vehicle also changes, which is shown in Figure 8 . When the speed increases, wheel-rail noise and aerodynamic noise increase significantly and exponentially. Thereinto, the aerodynamic noise increases at the speed of about 60logV, and the wheel-rail noise increases at the speed of about 30logV. When the speed is 140km/h, distribution of noise sources is: wheel-rail noise> aerodynamic noise> traction noise. According to the empirical formula [11] : LpAeq, Tp (140) = LpAeq, Tp (60) + 30 × lg (v / 60), we can roughly figure out that the radiation noise limit is 88dB (A) when the rapid metro vehicle is running at 140km/h. Therefore, necessary measures need to be taken for noise reduction. Considering noise levels of the existing metro vehicle and intercity vehicle, the recommended internal noise value for rapid metro vehicle is shown in Table IV . Analysis on slenderness ratio of head shape
As running speed of metro vehicle is generally not higher than 80km/h, aerodynamic resistance caused by a blunt head holds a small proportion in the vehicle resistance, so the blunt head is usually adopted by the metro vehicle. However, when the running speed increases, aerodynamic resistance resulted from the blunt head will increase rapidly, which will result in its leading role in the vehicle resistance. The study shows that aerodynamic resistance decreases with increase of slenderness ratio of head shape. As shown in Figure 9 , aerodynamic resistance of a blunt head increases faster than that of a streamlined head. That is, for a streamlined vehicle, the higher the running speed, the more obvious the resistance reduction effect. Therefore, in the aerodynamic design process of rapid metro vehicle, slenderness ratio of head shape is also an important factor which needs to be considered. 
Analysis on surface smoothing
Through surface smoothing design, air resistance can be effectively reduced. Adoption of underframe all-inclusive equipment cabin can effectively reduce the air Slenderness Ratio Resistance Coefficient resistance, but it will increase the vehicle weight, which in turn will make the rolling mechanical resistance larger. Therefore, it is necessary to balance the relationship between mechanical resistance and air resistance. As shown in Figure 10 and Table V , the aerodynamic resistance can be reduced by about 13% through surface smoothing design; the aerodynamic resistance can be reduced by 20% when adopting all-inclusive equipment cabin. Resistance reduction effect is obvious. But all-inclusive equipment cabin increase the vehicle weight, which will result in increase of the vehicle resistance (the specific value depends on parameters of the equipment cabin), so the final aerodynamic resistance reduction effect for using all-inclusive equipment cabin is about 15%. 
SUMMARY AND PROSPECT
For the rapid metro vehicle, this paper describes aerodynamic problems it may have and briefly analyze related design parameters and their variation rules from the view of engineering practice. It provides technical guidance for the vehicle design form one aspect and has a certain reference value. Next, combining with the specific project, further study on aerodynamic noise source and the corresponding noise control strategy as well as relationship between vehicle design parameters (such as section area of car body) and aerodynamic noise can be made. This is the main bottleneck affecting further speed increase of metro vehicle in the future.
